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ABSTRALCT

This report presents the design of an unmanned, space-—
based, reusable Orbital Transfer Vehicle (0TV). This 0TV
will be utilized for the delivery and retrieval of
satellites from geosynchronous earth orbit (GEQ) in
conjunction with a space station assumed to be in existence
in low earth orbit (LED). The trade analyesis used to
determine the vehicle design is presented, and from this

study a vehicle definition is given.
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INTRODUCTION

An Orbital Transfer Vehicle (0TV) is currently under
development by the National Aeronautics and Space
Administration to expand the Space Transportation System
(8T5) in the 1990°'s. This spacecraft should significantly
increase payload capacity beyond the Inertial Upper Stage
(IUS) through the use of cryogenic propellants. Cryogenic
propulsion can provide low acceleration to very large,
delicate spacecraft and has a S0V higher performance than
solids or space-storable ligquid fuels.

The OTV would allow round—trip capability in which the
0TV returns empty or delivers a payload to the space
station. This reusability and high performance of the
vehicle make the OTV more cost effective than expendable
solid propellant vehicles.

This report ocutlines the mission profile of an unmanned
0TV and describes the different components of an 0TV design
necessary to support that mission. Required trajectories
and details of the aerobraking process will be included, as
will the broader subijects of propulsion and structure.
Avionics, which includes guidance and control,
communications, and electrical power distribution, will also
be discussed. And finally, a cost analysis and time line

for first OTV production will be described.



MISSION PROFILE

This OTV has been designed to meet the anticipated need
of future satellite deployment and recovery, hence the name
DARVES —— Delivery and Retrieval Vehicle for Earth Space.
The trend in the development of satellites seems to indicate
that future satellites will be heavier (1:151). Although at
present the average satellite weighs only 3000-4000 1b,
DARVES has been designed with the capability to carry as
much as 16,000 1b (from LEQ to GEO) in order to continue to
meet future demands. Since this vehicle will be space—based,
the cost of repetitive delivery from earth to the space
station will be eliminated. DARVES will be delivered, via
the Space Shuttle, to the space station, where it will be
assembled and then deployed. The vehicle will be refueled
and malfunctioning modules will be replaced at the spa_c
station. Therefore, DARVES will only have to be returned to
earth for major repairs and/or overhauls. Some sample
missions which may be performed by this vehicle are

described below.

MISSION 1:

FPayload from LEO to GEO (1b) maximum of 146000
Fayload from GEO to LEO (1h) 0
Propellant required (1b) 46692

MISSION 2:

Payload from LEQ to GEO (1b) 0
Payload from GEO to LED (1b) maximum of 18000
Propellant required (1b) /47366
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MISSION 3:
Fayload from LEO to
Fayload from GEO to
Propellant required

MISSION 4:
Fayload from LEO to
FPayload from GEQO to
FPropellant required

MISSION S:
Fayload from LEO to
Fayload from GEO to
Propellant required

MISSION 6:
Fayload from LEO to
FPayload from GEO to
Praopellant required

GEO (1b)
LEO (1b)
(1)

GEO (1)
LED (1b)
{l1b)

GEO (1b)
LEGQ (1b)
{(1b)

GEO (1b)
LED (1b)
(1b)

10000
7000
47304

7000
10000
46891

12000
2000
47578

S000
12000
46617

Missions 3, 4, S, and & are examples of dual missions

(deployment and recovery).

Similar missions can be

performed as long as the propellant required does not exceed

the propellant available.
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The move from LEDO to GEQ and back is accomplished using
& minimum snergy Hohmann Transfer about the earth. The
ransfer involves four major velocity changes, or delta v s:
three propulsive and ocne aerchraking.

First delita v: From low =2r-th orbit at an altitude of

Zi1l miles, the OTVY and its payload go through a propulsive
delta v at the point designated to be the perigee of the
glliptical transfer orbit. This first velocity increase
allows the OTVY to leave circular LEO, reguiring a velocity

of approzimately 17028 mph, and to enter an elliptical

vt
5
U]

nafer orbit with a velocity of 22329 mph.

Second delta v: After approximately 318 minutes have

elapsed., DARVES reaches the apogee of its transfer orbit,
which is also the equatorial node, with a much—reduced
velocity of 364% mph. At this point,; another propulsive
delta v is reguired. This second change iﬁcreases the
velocity to 6878 mph and the OTV enters a circular orbit at
GEQ altitude of 222376 miles sbove the earth’'s surface.
Included in the second delta v is the necessary plane
inclination change from the 28.5° inclined LEO tao the 0<
inclined GEG. (See Fig. 1) {2:3) The higher altitude at
which this change is accomplished reduces the propellant
requirement because of the lower circular velocity.

Third delta v: After the 0TV has delivered its payload

4



and perhaps retrieved a second payload to bring back to LEO
for repair or replacement, the retwn trip begins. The
third propulsive delta v is simply the second delta v
described above in reverse. The amount of propellant
reguired for this velocity change may be more or less than

that reguired by the second, depending on the mass of any

Fourth delta v: The +fourth delta v is not propulsive,

but rather i1is accomplished aerocdynamically using the
asrabrake. As DARVES enter=s the upper atmosphere of the
earth heading for a previously specified perigee altituds,
drag forces acting on the brake tend toc slow the vehicle
down enough ftor the 0TV to re—enter LEO at the necessary
circular velogocity. The fourth velocity change is the same
as the first delta v described only no propellant has been
used to accomplish it. Again, the amount of propellant
zaved by using the aerobrake depends on the mass of any
return paylocad and the mass of the theoretically "dry" OTY
{a =mall reserve of propellant may be present).

Calculations: The delta v calculatiaons for a sample

mission were found using the equations for sample trajectory
analyeis. A program was develaped that allows one to vary
the dry OTY mass, payload to be delivered, payload to be
returned, and specific impulse of the engine. The program
gives the total mass ot propellant required for each
particular scenario. From a known mass flow rate {which

could also be entered as a variable), burn times for each of

w



the threes propulsive delta v's were also calculated. The
cutput for several proposed missions may be found in Table
i, which comparesz the all propulsive missions and the
aerobraked missions. hNote the particularly dramatic

=1lant =savings realized by using an aerchrake in some of
the return payload mission=s. This program was used to
determine which combinations of delivered/returned payloads

were possible.



AEROBRAKE

The role of the aerobrake becomes praominent in the last

n

tage of the mission. After DARVES returncs from GED in its
elliptical transfer orbit, it enters the upper region of the
earth’s atmosphere, defined acs that region at or below

approximately 100 nautical miles, or 115 statute miles

i

1523 . The low dencsities present are enocugh to create

significant drag forces that slow the vehicle down. An

b

ol

mportant parameter at this peoint is the aerobrake’s
ballistic coefficient,"beta”. Beta is defined as W/CpnA,
i.e. the vehicle weight divided by the drag coefficient and
aerobrake area. It is the hallistic coefficient which
determines the perigee altitude required for a particular
aserobrake maneuver scenario; the lower the value of beta,
the greater drag force created, th= higher the altitude
allowed for perigee, and the less aercthermal heating on the
oTv.

Sizing of the aercbrake: A ballistic coefficient of

Z2.253 1lbf/ft= was set for this particular design (2:4) and
assumed constant. The drag coefficient was determined from
Newtonian methods (4:681). A 70° half-angle conical brake
was chosen because of the reduced surface heating and
favorable aeradynamic stability of that geometry (Z2:2).
Using a dry OTV weight of 7145 1b+ and a return payload of
5000 1bf, the aerocbrake diameter was calculated to be 62.34
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ft. This diameter ies large enough to prevent impingement of
the wake flow on the vehicle surface.

The 0TV ’'= center of pressure was calculated using the
geometry of the aerobrake and found to be 5.4%93 ft off the
body in frent of the pavload, thereby insuring stability of
the OTV.

f=robrake maneuver @ Multiple pase aerobrake maneuvers

are a compromise between reduced heating loads due to lower

drag forces and increazsed heating loads dus to longer total

A

LY
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sion times. Multiple passes allow the 0TV perigee

m
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ide to be higher than what would be necessary for a

in

ingle pass, thereby decreasing flight velocities of
subzeguent passes and contributing to reduced thermal
protection system (TF5) requitrements {(Figure 1b). An
increase in total time =spent within the atmosphere may add
TFS reguirements as well as adding to the total mission
time.

Modifications were made to an existing program, written
by the Mars 0TV =enior design group, which analyzed an
aerocobraking maneuver through the Martian atmosphere, in
ostrder to analyze such a maneuver through the atmosphere of
the earth. Given a particualar perigee altitude, density,
and return mass of the 0TV, the program gives the number of
passes reguired to reach the desired apogee at LEO. Drag
forces and time spent within the atmosphere are also
estimated, but the thecry behind such calculations is

oversimplified. However, the general trends are



significant. A= the perigee altitude is increased, the
number of passes required is increased; drag forces decrease
while passage times within the atmosphere increase with
succeeding passes. Even after ceveral passes, LEOD altitude
may not be exactly reached, and a small delta v may he
reguired to raise or lower the apogee altitude and another
ta civrcularize the final orbit at perigee. The fuel
reqguired for additional delta v's would be of much smaller
magnitude than the delta v’'s reguired by the basic Hohmann
Transfer =ince such "fine tuning" of the orbit is not in the
same category as the major orbit changes previously
described. Multiple passes may or may not be an advantage,
depending on the time limits of the mizsion.

Thermal FProtection System @ A thermal protection

system is reguired to combat incident radiative and
convective heat fluxes and loads. The guidelines in

choo

)
in

irg such a system are reusability, current knowledge of
material fabrication and applicability, and proven heat
protection capability for the magnitude and duration of the
predicted heat fluxes and loads (5:275). The worst case
heating condition occurs during the first pases of multiple
pass cases, but the use of multiple passes is highly
beneficial in reducing radiative flusx.

The development of a suitable thermal protection system
has been studied and pronounced feasible, but details are
not included in this report. The reader is referred to

References 2, S5, 6, and 7 for more information.



FROPULSION

When considering the propulsion system to be used in a
new vehicle, one must consider several variables: the
number of engines, the engine configuration, the type of
engine, and the propellants.

Mumber of engines: For the purpose of the unmanned

0TV, man-rating is unnecessary; therefore, multiple engines
would be advantageous only for the purpose of reliability
and life cycle length (8:1-2). In order for multiple
engines to increase reliability,; the system must have
engine—-out capability, which would require the use of
cimbals on all engines to align the thrust axis through the
center of mass. Although the reliability is not as high,. =a
single engine does not require the additional weight and
complexity of gimbals. h single redundant—-type engine {(with
a2il components duplicated except for the thrust chamber) was
originally considered for this vehicle to combine the
simplicity of a single engine with the increacsed reliability
and life cycle of a multiple—-engine system. After further
consideration, however,; it was determined that the
disadvantage of the additional weight and maintenance of the
redundant =ystem would be more significant than the

advantages of having such a system. For these reasons, a

n

imple single engine was chosen for this OTV.
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gngine configuation: Two feacsible configurations for

rt
)
m
n
ol
o
)l
fo)
1]
m

ngine sycstem were considered. The first

.

would bBe to mount the engine on the same end of

icle as the aerobrake shield, with the nezzle
extension protruding through the shield. The second option
:= to mount the engine at the opposite end of the wvehicle
from the aerobrake shield. In either configuraticon, the
engine would be mounted along the centroid axis of the

vehicle so that pivoting of the nossle is unnecessary to

il

maintain stability. The latter configuration would reqguire
the pavicad tc be loaded within the structure of the

vehicle. The payload would then be limited in size and

pavlpad. The +first configuwation was chosen because it
allocws the vehicle to be campact, with most of the mass of
the vehicle concentrated near the aerocbrake shield. With
iiz= configuration, the pavylecad will be more easily loaded
arnd unloaded. The size and shape of the payload will be
limited only by the hot wake behind the aerchrake, and the
mass will be limited only by the amount of fuel available.

ITvpe of engine: Accoarding to a NASA-sponsored study,

NASA-28989 (9:1), an OTV engine should have the following
characteristics:

* Expander cycle with LO2z and LH=>

* Engine thrust of 15000 1b at a mixture ratio of &:1

* Installed length {(retracted nozzle) less than or
equal to 60 in.

# Mixtuwre ratio range of 6:1 to 7:1

Life {(cycles/hrs) greater than or equal to 3I0G/10

# Z—position, contoured bell nozzle

*

11




Rocketdyne’'= R5-44 was chosen as the engine for this
OTY because it meests these reguirements (10:3-4) and,
according toc available literature, appears to be the most
developed engine of its type (Fig. 2). An increased Ise
{481 sec’ and a decreased weight (Y530 1lb) are two highly

desirabkle consequences of the FE-44 being an expander cycle

The extendable nozzle also helpzs to increase the Ise by
allowing a higher combustion chamber pressure.
Unfortunately, there are complications that arise from using
& retractables/sxtendable nozzle. During the aeraobraking
manzuver , the extended portion of the nozzle must be
retracted, and the opening in the aerobrake shield must be
covered. &fter the aercbrake mansuver, the nozzle will be
extended again. A mechanism will be required that can
extend the nozzle, lock it into place, and retract i1t as
necessary. The available sources of information on the RS-
44 and other engines of this type offer no explanation of
this mechanism or how it will gperate. Therefore, it is
assumed that this problem is still being studied and that a
zsatisfactory solution has not yet been reached. For the
purposes of this design project, an estimated weight of 100
1b has been added to the vehicle to account for the presence
of the mecheanism. The mechanism for covering the opening in
the aerobrake shield will be discussed in the Structures
Section.

Dther specifications of the R5-44 are as follows



{10:3-5):

Chamber prezssure of 1540 psia

Nozzle area ratic (retracted) of 225:1

Nozzlie area vatic {(extended) of &25:1

lLLength {(nczzle retracted) of &G.00 in.

Lencth {nczzle estended) of 117.03 1n.

Tank head idle of &1 1lb at a mixtwe ratio of 2

Fumped idle of 15230 lb at a mixzture ratio of 4

F: 1

* oK ok Kk ok * ok

1

Fropellants: As mentioned above, the R5-44 1s & liquid

oxvygen/liocuid hydrogen rocket engine. The liquid oxygen
tank will be elliptical with a volume of 572.1 ft= and hold
41 ,038.2 lbm of oxygen. The hydrogen tank will be spherical
with a volume of 15532.6 ft= and hold &842.3 1lbm of hydrogen.
These tanks will have to be kept at constant pressures
during engine burn to ensure steady fuel flow to the engine.
This pressurization will be accomplished using nitrogen as a
presesurizing gas. The nitrogen tank will be spherical, with
a volume of S6.05 ft= and will initially be highly
pressurized to 2205 psia. The nitrogen will flow through
separate regulators into the oxygen tank and the hydrogen

tank. These regulators will maintain constant pressures in

r

the praopellant tanke even though the pressure in the
nitrogen tank will be decreasing.

Since DARVES is space—-based, storage and transfer of
oropellante will take place at the space station or possibly
at = refueling station in the same orbit as the space
ctation. Further study must be done, however, to develop

the techneclogy needed for the safe storage and transfer of

cryogenic propellants in space. (11:105)

=
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AVIONICS MODULE

The avionics module for DARVES includes all guidance,
navigation, and control, as well as communications and power
systems necessary to ensure mission accomplishment. This
module will be analyzed according to the O0TV’'s mission
capabilities and requirements. The avionics module is 14 ft
in diameter by 4 ft in length and weighs approximately 1000
lbe, It is comprised of three "black boxes" which are
arranged in the module as shown in Figure 3. The systems
discussed herein are designed to support a total mission
time of approximately two days.

Guidance, navigation, and control (GNC): This portion

of the avionics system contains computers programmed for
attitude control and navigation. The 0TV must successfully
navigate to satellite, GEQ, and back to the space stavion
without incident.

The attitude control system of a spacecraft maintains
the spacecraft within allowable safety limits. The block
diagram of an attitude control system is shown in Figure 4
(1:162). The basic elements of this system are sensors,
actuators, control laws, and disturbance torgues.
Spacecraft attitude dynamics predicts the motion of the
spacecraft as a result of disturbance and control torqgues

are provided by actuators, which in this case are thrusters.

14
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is OTY attitude control system can be classified as
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bilization system, in which the entire
spacecraft is orientated toward the earth. The control
torgues along the three aues (yaw, pitch, roll) (1:181) are
provided by a reaction control system (RCS). The RCS will
rendar transliational and rotational velecity changes. This
stem consists of three modules of vernier thrusters, all

aft of the payload module and sach having its own monomethyl

fu=l and nitrcogen tetroxide storage system. The

vernier engine chosen for this mission is the R-1E. Each
module houses four vernier thrustere, capable of providing

~

2% pounds of thrust. Thus the RCE can provide a total of
100 pounds of thrust for each axes’ control torgues. These
torgues are applied through the thrusters which fire based
o data from sensors. The thrusters cause the 0TV to change
ite attitude when the sensors indicate the error rate in vaw
pitch or roll exceede acceptable levels. One thruster
module is mounted on each axis. This RCS, modeled after the
Space Shuttle ' s, was chosen because it proved to be more
advaintageous than a momentum wheel system for this OTV
design when taking size, weight and reliability into
consideration {(l11la:20).

flong with centrol systems, which guide to a pre-
programmed course, the BNC system must alsc control the burn
rate, or initiate the burn when the 0TY approaches apogee

and perigee of elliptical transfer orbits. Furthermore,

this system will have the capability of initiating controls



to kesp drag constant during aerobrake maneuver when the OTY
encounters “density pockete” in the atmosphere. Attitude
control i1s actually achieved by having the drzag brake
revolve arcund the hinge point. Displacement in the
position of the vehicle causes a shift in the c.p. locatian,
producing & small motion about the yvaw axis and resulting in
ann angle of attack. This provides a small litting
capability to compensate for the unpredictable composition

¥ the

m

tmosphere structure (2:2). The GNC will sense force
variations on the aerobrake and activate the drag brake
rotaticon to compensate for these changes.

Az = measure of safety, the space station will have the

capability to override the control computer in case of

emergenty. Additional capabilities of the GNC will include

nvironmental control which will be used to monitor the

il

temparatwre and operating parameters of the avionics section

3

elf (12:216), and health monitoring which will be used to

n

oversee the conditions of all OTV subsystems.

When designing the GNE it is important to ensure the
sutbsystem 1= compatible with, and can be iinked to, the
communication systems.

Communication and data handling system (CDH): The CDH

system will provide command and data links between 0TV and
cspace station as well as relay data position, etc., to the
space station (1:175). This system will contain computers,

recorders, measuring equipment, antenna, and a data bus

ORIGINAL PAGE IS
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which ties the entire communication subsystem together. The
communication system for DARVES is similar toc the one used
on Mariner 4 except there will be no need for varying the
telemetry bit rates (13:78). The communication subsystem
will consist of a PCM/PM phase locked telemetry and
commands. It will operate on a transmitting frequency of
2300 Mc and receiving freguency of 2300 Mc {(12:260). /A wire
antenna (13:78), 3 feet in diameter, will be mounted on the
forward end of the vehicle fuselage to receive the signal,
and transponders will amplify and translate the frequency of
the =signal. In addition to transmitting engineering and
scientific data back to the space station, the communication
subsystem must always carry commands from the mission
director to the 0TV (12:80). The mission director can
remotely observe docking and/or delivery activities via the
use of a video camera. The camera is located on the forward
end of the fuselage near the payload docking module. All
commwiication systems must be compatible with the tracking
and guidance subsystem.

Electric power and distribution: The TV, of course,

needs power for operation of its subsystems (GNC, CDH,
computers). The power subsystem must alsoc meet power
requirements to provide electric spark to the engine,
extend/retract nozzle, and operate cameras and docking
mechanism during payload attachment and detachment. The
power requirements for the OTV will be met using a fuel cell

power plant (primary) and a battery as a backup system. The
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fuel cell power plant was chosen as a primary system over
the battery because the battery system, although tried and
true, has limited capability, especially with the projected
growth in power levels and life expectancy for orbiting
systems (14:157). The fuel cell was chosen over a soclar
array because sglar panels are impractical. During the
aerobirraking process a panel storage area would be needed.
The fuel cell power plant will use a lightweight Hz/0z fuel
cell shown in Figure S. Fuel cells are advantageous for
this OTV design because they have long life, high specific
power, reliability, maintainability, and relatively low cost
(14:159).

The fuel cell power plant is based on Bacon/hydrogen-—
oxygen technology but incorporates advances in material
design (15:42-4). This power plant has the same basic design
as the Shuttle power plant, except the OTV power plant
utilizes a new lightweight alkaline fuel cell which weighs
41b/kw versus 8lb/kw for the Shuttle fuel cell (see Figure
6) (14:1864). The power plant contains (14:170):
two stacks of 32 cells in series
Au/Ft catalyzed electrodes
0.5 mm (0.020") reconstituted asbestos matrix

plastic plated separator plates
fiberglass epoxy frame material

* % % % X

The operating conditions of the power plant are:

255 K (180<F) nominal

4 atmospheres of pressure
27.5-32.5 volts

7 kW nominal power rating

X % k¥

The proposed fuel cell power section is capable of
supplying 12 kW at peak, which corresponds toc 27.5 V and 436

18



A, and 7 kW average power; at 2 kW the power plant provides
32.5 V and 61.5 A (15:42-6). The power plant will be housed
in much the same manner as the Shuttle power plant, but due
toc the lightweight fuel cells being used, will weigh only
57.16 kg (126 1b) versus 9?1 kg for the Shuttle power plant,
while providing the same amount of average power (Vol. II,
p-23). Hydrogen and oxygen, stored cryogenically, are
delivered to each fuel cell. On a two day mission, the
power plant is estimated to use about 300 kg of H= and 0O,
with about 400 L of water being produced. This power plant
must be serviced between missions and reused until it has
accumulated 2500 hours on line service (15:42-6). In the
event that this system somehow fails on mission, the
avionics module will contain a battery back-up system. This
battery will be a small secondary Ni/Cd battery and will
have a long cycle and calendar life.

The entire avionics system module will be insulated for

thermal protection of the module.
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STRUCTURE

The initial configuration considered in the original
design proposal was of modular construction consisting of
the following modules: payload, electronics and control,
propellant tanks, propulsion, and aercbrake. Modules were
connected through nodes to be removed and replaced as
needed. The payload was located at the front aof the 0TV and
was connected to the electronics and control module. The
electronics and control module was then connected to the
propellant tank module, which consisted of two torispherical
propellant tanks connected by a truss structure. This truss
was then connected to the engine module. And finally, the
engine module connected to the aerocbrake. Much of the
original structure was to be constructed of composite
materials (Figure 7).

Further consideration has been given to the design of
the spacecraft and several disadvantages have been found.
Due to possible flow impingement during aerobraking, the
position of the electronics and cantrol module at the front
of the structure was not practical. The torispherical
propellant tanks did not allow for sufficient propellant
capacity. And finally, the use of composite materials has
been ruled out due to studies which have shown degradation
of composites upon exposure to the harsh space environment

and because of their lowered performance at cryogenic



temperatures.

Several alternatives for the 0TV configuration have
been considered. The first configuration consisted of a
single large spherical oxidizer tank and six smaller fuel
tanks located symmetrically about the oxidizer tank. The
tanks were to bhe connected through a composite truss
structure (Figure 8). BHenefits of this configuration were
the movement of the vehicle’'s center of gravity closer to
the aerobrake and the reduction of flow impingement on
vehicle components. The complexity of this design and the
large dry weight of the vehicle necessitated further study
and a new vehicle design.

The next design considered consisted of spherical fuel
and oxidizer tanks connected to each other through a truss
structure. This design utilized the propellant tanks as
load carrying members; unfortunately, these loads increased
the tank weights severely. Also, the center of gravity
location was not favorable. A semi-monocoque structure
consisting of two cylindrical sections of differing
diameters was decided uvupon to house the two propellant tanks
(Figure 9). But this design did not make optimal use of the
volume available.

The configuration which was finally chosen consisted of
a spherical fuel tank and an elliptical oxidizer tank housed
in a cylindrical semi-monocogue structure of constant
radius. The components of the vehicle will now be discussed

separately.



Fayload/docking: The paylcoad and docking module is

designed for the secure attachment and detachment of
peyvicads through the use St remctely-operated locking
mechanismse. Detachment of the paylsad would be accomplished
through the use of = spring loaded device to safely separate
the 4TV +from the payload. The design load is approximately
240,000 lbs, calculated from the maMimum acceleration of 4
g’'s that a return pavlocad of S,000 lbs would experience
during the aercbraking manuever. The module consists of a
center locking zection which carries the majority of the
pavioad forces. The payleoad is stabilized by four hraces
located on the periphery of the docking module. The module

constructed of aluminum 7075 Té6. The approximate mass of

=
n

the module is 200 lbm. The payloads to be transferred by
the OTY would have a standard docking interface to assure
proper attachment to the 0TV and should be compatible with
space shuttle payload attachments.

Fropellant tanks: The spherical fuel tank and

elliptical oxidizer tank are of approximately the same
radius (Figure 10). The ratioc of the oxidizer tank’'s semi-

or axis to semi—minor axis is Z2:1 —— this ratioc was

Ly

ma
chosen because it requires the lowest weight for an
elliiptical fuel tank. This spherical/elliptical tank
combination moves the center of gravity for the vehicle
forward, makezs optimal use cof the available volume, and
lowers the overall weight of the OTVY structure. Since the

radii of the two tankes are approximately egual, there is no



ORIGINAL PAGE IS
OF POOR QUALITY

[t}

=2d for the housing structure to "meck down” as in the

previgus design (Figure ). The complexity of the housing

iz thereby reduced, lowering itz weight and making its
construaction easier.

he propellant tanks, the stres= present

he primary consideration. The forces
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iz consist of the inertial force of the fuel
during the vehicle’'s acceleration and the internal pressure
the propellants. The propellant tank pressures for LH=

{liguid hvdrogen? and 0¥ {liguid oxvygen! are 38 psi and 42

bl

csi rezpectively {(1&:%). Inertial! forces were calculated
thyoeigh a2 numerical integration process in which the instan-—

iculsted at 1

i1

cf the wvehicle was C: A=tm

)
o
f
[
l

intervals for the entire engine burn time. Then the maximum
pressure was used to obtain the wall thickness of the tanks.
The LHz tamk has a 7.18% 4t radius and a volume of
1,582,585 = and is constructed of Aluminum 2219 T-87, an
aluminum—copper alloy. This alloy has outstanding msterial

properties at cryogenic temperatwes and is used in the

n

pace Shuttle external tank. Some of the properties of this

il
e
(o]

oy are listed below {(17:298}:

density = 9.1 1bm/ft>
tensile strength = 385,000 psi {(at -320°F)
vield strength = &7,000psi {(—-320°F); 75,000psi {(—423°F)
welded strength after heat treatment is nearly 10064
of parent material

* ok koK

The temperature of the stored LH= is —-423.7°F. The tank is
decsigned for a maximum pressure of 38 psi —-— 34 psi is due

to internal propellant pressure and 4 psi is caused by
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inertial force. A design factor of safety of 1.5 was used

in calculating wall thickness. The thickness was determined

to be C.03E367 in, using a conservative yield strength of
&7,000 psi (17:298). The mass of the LHz tank was
calculiated to be 342.84 lbm based on the given radius and
wall thickness.

The LIx tank 1= composed of the same aluminum alloy as

the iiHz tank. The tank haes a semi—maior auis of 77.8B6 in
and a semi-minor axis of 38.90 in. The eccentricity is
0.8&6, and tank volume is S72.1 ft=., The design pressure
was 48.5 psi, with 28 psi derived from the internal pressure
and the remainder from the inertial force. Tank thickness
stermined to be 0.0845 in, based on a maximum stiress
cccwrring at the tank bottom. Total tank mass was 444,21
l1bm based on given dimensions and wall thickness and using
the surface area equation for an "ghlate spheroid" (an
=llipes rotated about its semi-minor axis). Temperature of
the LOX 1= —297°F.

EBoth the propellant tanks must ke insulated to avoid

wcessive thermal conductivity. A total thickness of 0.75

inches cof multi~-lavyer, double—-aluminized Mylar is used for

this purpose. A weight of approximately 140 lbs was

determined for the insulation. Ectimated baoil —off rates of

Q.74 per week of storage made the calculation of boil-off

unnecessary due to the short duration ot OTV missions
(18:498).

The pressurization tank containing the pressurizing gas



{nitrogen? was chosen to be spherical in shape to reguire
the lesast amount of weight. The radius of this tank is
LI74 4t and volume of S56.1 ft%,  The tank has a design
pressure of 2200 psi.  Because the internal pressure is so
ighk, and the cperating temperature is relatively high, =
tank of composite material was chosen. Made of kevlar with

ary epoxy resin, wound around a seamless aluminum tanbk, the

r
M
.
i
\n
i1}
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]

ss of approximately 350 lbm, about
hal+ the masse of a pure aluminum tank.

Module: This module is 7 ft in radius and 4§

ft i length. The module is cylindrical in shape and
compossd of Aluminum 7075 T4, It houses the avionics

rpment and is connected to the fuselage at the forward

=nd angd the engine module at the rear.

Engine moduie: The engine module centains the R5-44

sngine and all its auxiliary equipment. This module is
drical in shape and designed to separate from the rest
of the OTY for engine servicing and/or replacement. An
approzimate radius is 4§ ¥t and a length of S ft. The engine
module is also the point of attachment for the aerobrake;
conseguently,; the module must transmit all of the major
forces that will act on the OTV to the rest of the
structuwre.  The module is composed of Aluminum 7073 T4,
which has the high yield strength needed. & mass estimate
was not made for this module separately but was included as

part of the overall mass sstimate of the structure.
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VYehicle fuselage: The propellant tanks and the

pressurization tank are encased in a protective structure,
which attaches to the payload docking mechanism at the
forward end and the avionics module at the aft end (see
Figure=z 10, 11, 12). This housing, or "fuselage", is a

semi —-monocoque structure composed of Aluminum 7073 T6, which
has the ftollowing physical characteristics:

¥ density = .1 1lbm/in™

* tensile strength of 83,000 psi {(at room temp.)

* yvield strength of 73,000 psi (at room temp.)

The fuselage has a constant radius of 7.4 ft and a length of
21 ft. This fuselage consists of a thin, cylindrically-
shaped stressed-skin supported by longitudinal stiffeners
and radial rings. The stiffeners increase the buckling
strength of the vessel and act as thin columns with a length
equal to the spacing of the rings. The rings and stiffeners
therefore effectively break up the skin into small, curved
panels.

The main loads transmitted to the fuselage are the
compressive forces which occur during launch and aercbraking
maneuvers and the possible bending moments which may occur
during the aerobrake procedure. The inertial loads from the
tanks are transmitted to the fuselage through the support
rings.

To minimize the thermal conductivity of the connections
between the fuselage and propellant tanks, composite
materials are employed. Basket-shaped, fiberglass tank

supports connect to the fuselage radial rings by means of

26



boron—aluminum metal-matriy composite tubular strute. &

mass reduction of 44K 1= anticigsted by using the composite

ztrutz rather than pure aluminum struts {19:54) .
&4 detailied sitress analysis= of the fuselage and internal
structure was beyond the scope of thie project and is left

An estimated mass for the fuselage of

rt

1900 ibm is thought to be conservative.

s=robrake:  The aerobrake of the OTY is a 70 deg

rt

t

n

. It coneil ot

mn

conical lifting brake of radius 5%.1
ive maior sections: the suwrface fabric, the ribbed bheams

supporting this fakric, the insulation between the fabric

and support beams, the columns supporting the ribbed beams,
and the structure supporting the entire apparatus. The

e

sirface fabric is a reflective fabric composed of silica and
Mextal which are interwoven into & fiber cloth having a
thickness of approximately 2.0098 in.

Eighteen =set=s of graphite pcoclvyimide ribbed beams act as
supports for the +abric. Graphite polvimide was chosen as a
material due toc its low mass and ability to maintain its
propertiez at high temperatures of up to 620°F,

To insulate the ribbed beam from potentially high skin
temperatures, an insulating layer of ceramic tiles,
comparable to those used on the Space Shuttle’s exterior, is
emploved on the ribbed beams.

The ribbed beams are supported by columns, also

caonstructed of graphite polvimide, which are then connected

to the central supporting structure of the aerocbrake

- ORIGINAL PAGE IS
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(20:290).

The central structure connects to the 0TV on a mounting
hinge located on the propulsion module. This hinge mount
allows the aercbrake to be rotated with respect to the 0OTV
longitudinal axis for aerodynamic control during the
aeraobraking process.

The aercbrake has a 6B in diameter aperture at its
vertex which allows for operation of the extendable racket
nozzle. This opening must be covered during the aerobraking
process and is & very critical area of the aerobrake since
the aerobrake stagnation point is centered at this area.

One design to be used for this purpose is a carbon—-carbon
composite shield which will be remotely secured in place
prior to the aercbraking procedure. Carbon—carbon composite
iz utilized because of its extremely high heat resistance.

The entire aerobrake structure is estimated to weigh
2300 1bs. This figure came from estimates taken from
severral technical papers on aerobrake structure. No
reusable aerobrake mechanism has every been flown;
therefore, all design parameters are based on experimental
data. Further studies including flight test are required

before an operational design can be finalized.
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COST ESTIMATE

The estimations of the research and development costs
and per unit costs for DARVES are given below based on a
fleet size of ten units. The per unit cost includes the
cost required for the Shuttle to carry the payload and fuel
to the space station for the OTY to then retrieve (21:4):

Cost Estimate for OTV:
{in millions of 1986 dollars)

Shuttle flight to transfer fuel and payload-—-—————————-——~ 100
Total Cost Estimate for Research and Development——————-— 655
Total Cost Estimate Per Unit——-———er—reem———— e S8
Aeraobrake: Research and Development 150
FPer Unit-——— - - -———— 10
Structure: Research and Development ——= 40
Per Upit—————mrrrr————————————_——————— 12
Propulsion: Research and Development —— 200
Fer Unit-——-— - - 15
Propella .t

Storage: Research and Development -- 15
FPer Unit--——--—-rrm——— ——— — — — — - —— 1
Avionics: Research and Development---——————————o- S0
Fer Unit-———rmmm e — 15
Final Assembly——————— - S
Final Testing-— - e e 200
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TIME ESTIMATE

The time required for final research, construction, and
testing of the 0TV has been estimated and is given in
Table 2. Thics estimate is based on the first 0TV becoming
operational in mid-1995. With research and development
beginning in early 1988 and testing beginning in 1993, a
projected time line was constructed to have the first

operational OTY completed by the target date.
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SUMMARY

The Orbital Transfer Vehicle marks the beginning of the
extension of man’'s capability past low earth orbit to
geosynchronous earth orbit and beyond. The OTV allows for
the benefits of the Space Shuttle and its derivatives to be
fully exploited and for development of the American space
operations potential to 1ts fullest. With the direct
benefits of the 0TV also comes advances in the technology of
aercbrake design, cryogenic fuel storage, and of other
areas. The design and development of the 0TV is currently
underway by NASA and should be a principal focus of study in

the decade to come.
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COMBINED ORBIT LOWEAING
AND INCLINATION CHANGING

PROPULSIVE av COMBINED CIRCULARIZING
LEO AND INCLINATION CHANGING
fi=28.5%) PROPULSIVE av

e

POST-AEROBRAKING
RETURN TO LEO

GEO AEROBRAKING

=07 ORBIT RAISING
PROPULSIVE Av
DESCERDING PLANE INCLINATION
ELLIPTICAL CHANGE AT APOGEE
TRANSFER
ORSIT ASCENOING
ELLIPTICAL
TRANSFER
ORBIT
LEO
POST-AEROBRAKING
ATMOSPHERE

RETURN TO LEO
AEROBRAKING

Details of the Orbital Change and Aerobraking Maneuver

1.

F IGURE
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Three—D View of Final OTV Configuration

FIGURE 10.
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Payload Total Fuel Required
Up Down All-Propulsive Aerobraked
(1bf) (1bf)
16000 0 65373 46682
0 18000 113109 47366
10000 7000 84287 47304
7000 10000 91718 46891
12000 3000 79332 47578
3000 12000 96673 46617
Payload Fuel Required for Each Burn
Up Down LEC-ETO ETO-GEO GEC-ETO ETO-LEC
160C0 o
All-Prop: 34934 19193 6587 4658
Aerobraked: 27561 15143 3988 --
o) 18000
All-Prop: 47459 26078 23182 16393
Aerobraked: 213513 11820 14033 --
Table 1: Comparison of All-Propulsive versus Aerobraked Fuel

Requirements for Possible Missions
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1288 1287 1990 1991 1992

Aerabraking R%D -

Begins

Propulsion System

R%&D Begins * - -

Avionics Module

Development Begins e aat

Fropellant Tanks
R%&D Begins

Component R&D
Completed

First OTV Completed
and FPrepared for
Space Trials

First OTV
Operatianal

* %

1993 1974

* ¥

1995

* ¥

Table 2: Time Line For Initial OTV Production
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